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Phonon hydrodynamics for nanoscale heat transport at ordinary temperatures
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The classical Fourier’s law fails in extremely small and ultrafast heat conduction even at ordinary temperatures
due to strong thermodynamic nonequilibrium effects. In this work, a macroscopic phonon hydrodynamic equation
beyond Fourier’s law with a relaxation term and nonlocal terms is derived through a perturbation expansion to
the phonon Boltzmann equation around a four-moment nonequilibrium solution. The temperature jump and
heat flux tangential retardant boundary conditions are developed based on the Maxwell model of the phonon-
boundary interaction. Extensive steady-state and transient nanoscale heat transport cases are modeled by the
phonon hydrodynamic model, which produces quantitative predictions in good agreement with available phonon
Boltzmann equation solutions and experimental results. The phonon hydrodynamic model provides a simple and
elegant mathematical description of non-Fourier heat conduction with a clear and intuitive physical picture. The
present work will promote deeper understanding and macroscopic modeling of heat transport in extreme states.
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I. INTRODUCTION

With the rapid development of advanced technologies in
recent years, there have been extensive studies on extremely
small and ultrafast heat conduction [1-3]. The exploration
of lowly and highly thermal conductive nanomaterials re-
spectively for thermoelectric [4,5] and micro/nanoelectronics
cooling [6,7] applications requires a deeper understanding of
the heat conduction at an extremely small spatial scale. On
the other hand, the short-pulse laser heating machining [8,9]
involves the mechanism of heat conduction during an ultrafast
time scale. The classical Fourier’s law is no longer valid in
these systems and processes due to strong thermodynamic
nonequilibrium effects, as the characteristic length and time
become comparable to or smaller than the mean-free path and
relaxation time of heat carriers.

To treat non-Fourier heat conduction, there have been usu-
ally three categories of theoretical approaches: microscopic,
mesoscopic, and macroscopic methods [3]. The microscopic
method mainly includes the ab initio (first-principles) calcu-
lation [10,11] and molecular dynamics simulations [12,13],
which are usually limited to relatively small structures and
simple systems. The current main trend is the mesoscopic
method based on a solution of phonon Boltzmann equa-
tion supplemented with phonon properties from microscopic
methods [14—17]. In spite of much progress in microscopic
and mesoscopic modeling of non-Fourier heat conduction,
researchers have not stopped looking for a macroscopic de-
scription based on a heat transport equation similar to Fourier’s
law [18-21]. Macroscopic methods provide not only a clear
and intuitive physical picture, but also an elegant and unified
mathematical description. Among the existing branches of
macroscopic methods, the phonon hydrodynamic model is the

“Corresponding author: mrwang @tsinghua.edu.cn

2469-9950/2018/97(3)/035421(27)

035421-1

most promising one since it is a natural and direct production
from the phonon Boltzmann equation [3].

The study of phonon hydrodynamics began in the middle
years of the last century during the exploration of heat waves in
dielectric crystals [22]. The Guyer-Krumhansl (G-K) phonon
hydrodynamic equation was derived from the phonon Boltz-
mann equation with the eigenvalue analysis method [23,24],
and later obtained in the framework of nine-moment phonon
hydrodynamics [25,26] and the Chapman-Enskog expansion
[3]; however it is merely restricted to the low-temperature
situation where nonresistive phonon normal scattering plays
a major role. To meet situations in actual applications, the G-K
equation has been recently adapted to model non-Fourier heat
conduction in nanostructures often at ordinary temperatures
through an analogy between phonon flow and high-Knudsen-
number gas flow [19]. The phonon hydrodynamic model
provides an effective approach to understand heat conduction
in nanosystems from the fluid mechanical perspective [27-30],
and has also been verified to be compatible with the second law
in extended irreversible thermodynamics [31-34]. Yet there
still exists a theoretical gap between this phenomenological
phonon hydrodynamic model and more fundamental phonon
kinetic theory as the resistive phonon scattering mostly dom-
inates at ordinary temperatures [3,35]. On the other hand, the
heat flux boundary condition for the G-K equation was directly
borrowed from the velocity slip boundary condition for high-
Knudsen-number gas flow neglecting the difference between
phonons and molecules [19]. Some efforts have been made to
derive macroscopic heat transport equations from the phonon
Boltzmann equation based on a hypothetical division of the
phonon spectrum into a ballistic part and diffusive part [36—38].
A Hilbert-like asymptotic solution is given to the phonon
Boltzmann equation around the equilibrium distribution [39],
where the near-continuum heat transport with kinetic effects by
boundary inhomogeneity is modeled via the extended Fourier’s
description with jump-type boundary conditions and Knudsen
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layer corrections. This continuum model does not treat the ki-
netic effects in a spatially homogeneous material with temporal
and spatial thermal variations at a characteristic dimension
comparable to or even smaller than the phonon relaxation
time and mean-free path [39]. The classical maximum entropy
moment method is applied to derive macroscopic equations
for phonon heat transport at room temperature in a recent
study [40], which involves governing equations of at least 63
moments to reach satisfactory results. It will be inconvenient
for practical applications due to the nontrivial solution of so
many equations as well as the specification of both initial and
boundary conditions for the higher-order moment variables.

In this work, we will develop a macroscopic hydrodynamic
equation, together with the nonequilibrium boundary condi-
tions, of phonon transport in a confined space rigorously for
non-Fourier heat conduction at ordinary temperatures. The
feature of our derivation is a perturbation expansion around
the nonequilibrium distribution obtained by the maximum
entropy principle, such that this macroscopic model is capable
of describing both the temporal and spatial thermodynamic
nonequilibrium effects in nanoscale heat transport. The re-
mainder of this article is organized as follows: The theoret-
ical derivation of the phonon hydrodynamic equation from
the phonon Boltzmann equation is provided in Sec. II. The
nonequilibrium boundary conditions of heat flux and temper-
ature for the phonon hydrodynamic equation are developed
in Sec. IIl. In Sec. IV, classical non-Fourier phonon heat
transports including both the steady-state and transient cases
are modeled to demonstrate and validate the present phonon
hydrodynamic model. Concluding remarks are finally made in
Sec. V.

II. PHONON HYDRODYNAMIC EQUATION
A. Phonon Boltzmann equation

The quasiparticle picture is established for phonons when
heat conduction takes place in a dielectric crystal with a
characteristic length much larger than the dominant phonon
wavelength [41]. The transport behavior of phonons is thus
described by the phonon Boltzmann equation similar to the
classical Boltzmann equation for rarefied gas [42]:

Ly v =, (1)
where f = f(x,7,k) is the phonon distribution function, with
f(x,t,k)dxdk denoting the probabilistic number of phonons
found within the spatial interval (x,x + dx) and wave vector
interval (k,k 4 dk) at a specific time 7. The phonon group
velocity v, denotes the energy propagating speed of the lattice
wave and is determined from v, = Vyw as long as the phonon
dispersion relation w = w(K) is available.

The scattering term C(f) in Eq. (1) evaluates the variation
of phonon distribution function due to phonon scattering pro-
cesses which include mainly two categories: normal scattering
(N process) and resistive scattering (R process). The energy
conservation is ensured for both kinds of processes while
the quasimomentum of phonons is conserved only in the N
process. The full expression of the scattering term is extremely
complex due to the nonlinear nature of phonon scattering
processes. One common simplification is Callaway’s dual

relaxation model [43], which assumes that the N process and
R process restore the phonon distribution function separately
to a displaced Planck distribution and a Planck distribution.
Callaway’s model is widely applied in studying the classical
phonon hydrodynamics in low-temperature dielectric crystals
[25,26,44,45], where the N process dominates over the R
process. As we focus on non-Fourier heat conduction at
ordinary temperatures where the N process is negligible except
for the very special carbon materials [46—49], the single-mode
relaxation time approximation is adopted for the phonon
scattering term. In this way, the phonon Boltzmann equation
becomes [1]
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where the equilibrium distribution function for the R process
is the Planck distribution:

fe = 1
R exp(how/kgT) — 1’

3)
with % = h/2m the reduced Planck constant and kg the
Boltzmann constant.

The phonon relaxation time 7g and phonon group velocity
v, are often dependent on the phonon frequency. This kind of
spectral dependency complicates the solution of Eq. (2), which
usually has recourse to numerical schemes such as the discrete
ordinate method (DOM) [50] and Monte Carlo (MC) method
[51]. It is a difficult task to develop a unified hydrodynamic
model considering the phonon spectral properties which are
diverse for different materials [39,40]. To capture the common
features of non-Fourier heat conduction, the following assump-
tions are made as a first step [3]: (i) the isotropic assumption,
in which phonon properties in one crystalline direction are
representative of those in the whole wave vector space; (ii) the
gray assumption, in which three identical acoustic phonon
branches are considered with an effective constant relaxation
time, with negligible contribution from the optical phonon
branches; (iii) Debye’s assumption, in which the linear phonon
dispersion relation w = v,k is adopted.

B. Balance equations of energy density and heat flux

The phonon hydrodynamic model is a macroscopic method
based on field variables defined as the statistical average of the
phonon distribution function:

ezfmyﬂ,q=/%m4%,Q=/%%myw,

“

with e, q, and Q denoting the phonon energy density, heat flux,
and flux of heat flux, respectively. Note that the integration over
wave vector space has included the summation over the three
phonon branches throughout the present work. Multiplying
the phonon energy quanta Ziw on both sides of Eq. (2) and
integrating over the wave vector space, we acquire the balance
equation of energy density:

— 4+V.q=0. 5
8t+ q (5
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The right-hand side of Eq. (5) vanishes because of the
energy conservation during phonon scattering. Through a
similar procedure by multiplying the phonon microscopic
variable v, iw, we get the balance equation of the heat flux:

8q
o TV Q= ‘; ©)

The Planck distribution has no contribution to the right-hand
side of Eq. (6) since the isotropic equilibrium distribution
yields no heat flux.

Equations (5) and (6) are exactly the four-moment field
equations of the phonon Boltzmann equation. To have a closed
description of phonon transport, the flux of heat flux Q has
to be specified in terms of the four basic field variables
(e and the three components of q), which constitutes the
closure problem in kinetic theory. Two well-known methods
have been established to complete the closure in classical
gas kinetic theory: the Chapman-Enskog expansion method
[52] and Grad’s moment method [53]. The Chapman-Enskog
expansion to the Boltzmann equation successfully recovers the
Navier-Stokes-Fourier equations within first order whereas it
gives rise to unstable hydrodynamic equations within second
or higher order [52,54]. The Grad’s moment method pro-
vides an approach to obtain stable higher-order hydrodynamic
equations. But there are still several drawbacks to Grad’s
moment method, which limit its crucial applications [54].
Within about the last ten years, an approach termed the
“regularized moment method” (R13 moment method) has
been proposed and widely applied in modeling nonequilibrium
gas flows [54-56]. The R13 moment method combines the
advantages of the Chapman-Enskog expansion method and
Grad’s moment method, overcoming some drawbacks of each
[55]. Its main idea is a Chapman-Enskog expansion around
the Grad’s thirteen-moment nonequilibrium distribution rather
than the usual local Maxwell-Boltzmann equilibrium distribu-
tion [54,57]. As a result, the R13 equations are capable of
modeling the nonequilibrium high-Knudsen-number gas flow.
Inspired from the R13 moment method, we propose to accom-
plish the closure for phonon transport through a perturbation
solution to Eq. (2) around a four-moment nonequilibrium
phonon distribution obtained by the maximum entropy princi-
ple. Therefore the derived phonon hydrodynamic equation will
be able to describe the strong thermodynamic nonequilibrium
effects in nanoscale heat transport.

C. Four-moment nonequilibrium distribution

The maximum entropy principle is applied to derive a
nonequilibrium phonon distribution dependent on the four
basic field variables of phonons. The main idea of this principle
is to resolve the distribution function through a maximization
of entropy density under the constraints of specified field
variables [25,26]. In a mathematical view, the problem reduces
to maximizing the following functional:

®= —kB/[flnf—(1+f)1n(1 + )l dk

+,3<e—/hwfdk> +y; (q,- —/vg,-ha)fdk), 7

where the first right-hand term denotes the kinetic expression
of phonon entropy density [41], 8 and y; being the Lagrange
multipliers for energy density and heat flux, respectively. The
extremum conditions of the functional Eq. (7) include

00 _ [T, 4 (1 L\ _ g — yivatioo |dk = 0. (8)
7 |:BT1 -|—f>—,3 w — Y Vgi a)] =0, (
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Equations (9) and (10) represent exactly the specified
energy density and heat flux, whereas Eq. (8) gives rise to
the four-moment nonequilibrium distribution:

1
f4 exp( };1(_: + Vi vg]iBhw) 1
where the subscript 4 in the phonon distribution function
represents its dependence on the four basic field variables.

At equilibrium state, the heat flux and its corresponding
Lagrange multiplier vanish, such that Eq. (11) should reduce
to the Planck distribution Eq. (3). Thus the Lagrange multiplier
for energy density is specified as B = 1/7T'. For the nonequilib-
rium state, Eq. (11) is further linearized when heat transport is
not too far away from the equilibrium state:

, an

fi= fol — yju, T? 8fT (12)

The Lagrange multiplier in Eq. (12) is determined through
evaluating heat flux based on the second formulation in Eq. (4):

1
g = _gyiﬂ/ughw ry ~R k. (13)

Under the gray Debye assumption made in this work, Eq. (13)

gives the Lagrange multiplier for heat flux as
3gi

T 2 Uéz, CV ’

yi=— (14)

Therefore, the four-moment nonequilibrium distribution is
obtained by substituting Eq. (14) into Eq. (12):
3 9 eq

_ eq
fa= Tt Cyv? 8T

i Vgi- s5)

With the help of Eq. (15), the closure problem for the
balance equation of heat flux is completed. Putting Eq. (15)
into the kinetic definition of the flux of heat flux in Eq. (4), we
acquire its explicit expression in terms of the energy density:

Q= jvpel, (16)

with I denoting the unit tensor. Substituting Eq. (16) into
Eq. (6), we obtain the Cattaneo-Vernotte (C-V) type heat
transport equation [34]:

9
TRB_(Z‘] 4 q=—AVT. (17)

Therefore, Eq. (17) together with Eq. (5) makes up a closed
mathematical description of phonon heat transport. Below we
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consider a further perturbation expansion around the four-
moment nonequilibrium distribution Eq. (15). In other words,
we seek a higher-order approximation to the flux of heat flux
in Eq. (16). A generalized heat transport equation beyond the
C-V type one will be derived.

D. Higher-order approximation

The higher-order approximation to the flux of heat flux
Q is derived from its balance equation, which is obtained
by multiplying the phonon microscopic variable v,v,/iw on
both sides of Eq. (2) and integrating over the wave vector
space:

90, 0 1/1
+ —M;j, =
ar | axg (3 K

with the flux of Q being a third-order tensor and defined as

QU> (18)

M,-jszvg,-vgjvgkha)fdk. (19)

Before a regular perturbation expansion, Eq. (18) is rescaled as

00;; a0 1 /1
— My = Sii
o o ik (3%8

The theoretical foundation for the scaling in Eq. (20)
comes from the scaling of the phonon Boltzmann Eq. (2),
which can be nondimensionalized into the following form
[58]:

Qij)- (20)

af* C(f")
sr v v =
rBt* TV f Kn

) 2y

where all the variables with the ‘“star” superscript denote
the dimensionless variables, with Sr and Kn the Strouhal
number and Knudsen number, respectively [58]. In the classical
Chapman-Enskog expansion to the Boltzmann equation, the
hydrodynamic equations are derived in the limit of a very
small Knudsen number (Kn < 0.01). For the transport process
with strong nonequilibrium effects considered in the present
work, the Knudsen number could be finite. Nevertheless, the
development of the phonon hydrodynamics is restricted to
the situation where the Knudsen number is smaller than 0.3
as will be shown later. Therefore, the Knudsen number can
still be approximated as a small parameter, and is adopted for
the ¢ in Eq. (20). Two Knudsen numbers will be introduced
in this work: the spatial Knudsen number defined as the
ratio of phonon mean-free path to the characteristic length,
and the temporal Knudsen number defined as the ratio of
phonon relaxation time to the characteristic time. A similar
approximation was also made in the regularized moment
method for high-Knudsen-number gas flow [55], where the
small parameter ¢ is used to represent the order of magnitude of
each term and will be set to unity at the end of the perturbation
expansion:

Qij =0 +05 +---. (22)

Substituting Eq. (22) into Eq. (20), we obtain terms at each
order of magnitude on the small parameter respectively:

1
10 = —vles;. (23)
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The zeroth-order approximation of Q;; in Eq. (23) is exactly
Eq. (16) corresponding to the phonon distribution function f;
in Eq. (15). The first-order approximation of Q;; is related to
its zeroth-order approximation from Eq. (24):

9
oW = [ (oW],)+ a_k(Mi(;),z f4)], (25)

where the zeroth-order approximations for Q and the flux of
Q are evaluated at the phonon distribution function f; as

o7l =

0
3pe8i). M;,Nf 202 (81jqx + Sixqj + 8jkqi)-
(26)

Therefore the first-order approximation of Q;; is acquired by
substituting Eq. (26) into Eq. (25):

) 2 Qk 2 94i 4qj
(l = 3i. _Z 2y 1) 27
QU 157: RV, i Svag<axj + Bxi) (27)

Combining the zeroth-order approximation Eq. (23) and
first-order approximation Eq. (27), we get the explicit expres-
sion for the flux of heat flux Q:

! > g, 1 (94 . dq;
i d; —3&ij .
Qi = 3Uge i+ 15‘L’R T S‘L'R g(axj + ox:

(28)

Higher-order approximate terms for the flux of heat flux are
thus derived in the form of the gradient of heat flux, which is
crucial for modeling nanoscale heat transport. Actually, such
terms have been called the nonlocal terms to describe the size
effect in several previous phenomenological macroscopic heat
transport models [19,20,59]. However, a rigorous derivation of
them from the phonon Boltzmann equation has been seldom
reported. This work aims to remedy this gap by providing
a theoretical ground for the nonlocal terms in macroscopic
models.

The phonon hydrodynamic equation is achieved by substi-
tuting the flux of heat flux Eq. (28) into the balance equation
of heat flux Eq. (6):

) 1 1
rRa—? +q=—-AVT + §A2[V2q + 5V(V -q)]. (29)

The average mean-free path in Eq. (29) is fully expressed
as A = v,7r. Since it uses the same field variables as the
traditional Fourier’s description, the present hydrodynamic
model avoids the complexity of classical moment methods
involving the governing equation of higher-order moments
[25,26,40]. Comparing to the C-V type heat transport Eq. (17),
Eqg. (29) contains also nonlocal terms of heat flux, which
are the key ingredients to capture the spatial nonequilibrium
effects in extremely small heat conduction. In comparison to
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the Fourier’s law, the other relaxation term of heat flux in
Eq. (29) aims at capturing the temporal nonequilibrium effects
in ultrafast heat conduction. In the diffusive limit where both
relaxation and nonlocal effects are negligible, Eq. (29) reduces
exactly to the Fourier’s law.

The preceding derivation of Eq. (29) at the level of the
moment equations has a counterpart in view of the phonon
distribution function. The perturbation expansion around f4
gives rise to the phonon distribution function as
(30)

. a
f:qu—rR<a—J:+Vg~Vf>

fa

Substituting Eq. (15) into Eq. (30), we obtain the expression
of the phonon distribution function:

s r 0q; OF

= £y OR o, TR O4i O

f=rt cvu2 o 1T ey o aT
3R 3q; dfg"
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Equation (31) is exactly the nonequilibrium phonon distri-
bution function corresponding to the phonon hydrodynamic
equation (29). It can be checked that Eq. (31) recovers
precisely the energy density e, the heat flux ¢, and the flux
of heat flux Eq. (28), respectively. Furthermore, the derived
nonequilibrium phonon distribution Eq. (31) is dependent on
the field variables and their gradients, in a different way from
that as a function of local field variables in the classical
Grad’s type moment method [25,26,40,44]. In contrast to the
second- or higher-order Chapman-Enskog expansion solution
with higher-order gradient terms of field variables as a source
of instability [52], the present closure method yields a nonequi-
librium phonon distribution involving only first-order gradient
terms ensuring a stable hydrodynamic equation.

Finally, a comparison is made between the phonon hydro-
dynamic equation (29) and classical phonon hydrodynamic
equations in low-temperature dielectric crystals. The G-K
equation obtained with the eigenvalue analysis method is
[23,24]

0 1
rRa—(tl +q=—-AVT + gvngrR[vzq +2V(V-q)]. (32)
A phonon hydrodynamic equation with one slightly different
coefficient in nonlocal terms of heat flux was derived through
the maximum entropy moment method in the limit of small
relaxation time of the N process (tn) [25,26]:

o g = VT 4 2ty | V2 +1V(V. )| (33)
R q= 5 Vg ™R q 3 Q-

The tiny coefficient difference between Eq. (32) and
Eq. (33) has been explained in the framework of Chapman-
Enskog expansion in our recent work [3]. Although the two
equations have a similar mathematical form to Eq. (29),
the underlying heat transport mechanisms are very different.
The nonlocal terms of heat flux in the classical phonon
hydrodynamic equations (32) and (33) originates from the
nonresistive phonon normal scattering. They represent the
transfer of phonon quasimomentum through the momentum-
conserving normal scattering, with the same physical meaning
as the viscous term in the Navier-Stokes equation for gas
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FIG. 1. Derivation of nonequilibrium boundary conditions for the
phonon hydrodynamic equation: (a) heat flux tangential retardant
(HFTR) boundary condition; (b) temperature jump boundary condi-
tion. The solid lines represent the heat flux and temperature profiles.
f~ and f represent the distribution functions of incident phonons
and reflecting phonons, respectively.

flow. In contrast, the nonlocal terms of heat flux in the
present phonon hydrodynamic equation (29) are representative
of the spatial nonequilibrium effects from phonon-boundary
scattering or large spatial thermal variation. As a result, the
G-K heat transport equation is usually suitable for heat trans-
port in bulk dielectric crystals in low-temperature situations
[23-26,60,61], while the present phonon hydrodynamic equa-
tion (29) is developed for nanoscale heat transport at ordinary
temperatures. To have a complete mathematical description,
the nonequilibrium boundary conditions of heat flux and tem-
perature are developed for the phonon hydrodynamic equation
in the following section.

III. NONEQUILIBRIUM BOUNDARY CONDITIONS

In non-Fourier heat conduction at ordinary temperature,
there are mainly two macroscopic manifestations from thermo-
dynamic nonequilibrium effects: (i) the reduction of tangential
heat flux near an adiabatic surface due to enhanced phonon-
boundary scattering, as shown in Fig. 1(a); (ii) the noncontinu-
ous temperature distribution near an isothermal surface due to
insufficient phonon-boundary interaction and thermalization,
as shown in Fig. 1(b). The temperature jump and velocity slip
boundary conditions have been fully established to describe
the noncontinuous temperature and velocity distributions in
high-Knudsen-number gas flows [62]. A phenomenological
heat flux slip boundary condition was directly borrowed from
the gas velocity slip boundary condition [19,63]. However,
the gas flow and phonon flow are quite different; for instance,
the gas velocity vanishes at the wall (“non-slip”) in the
continuum regime wherein the phonon heat flux remains a
finite value (“finite-slip” or “infinite-slip”) as predicted by

035421-5



YANGYU GUO AND MORAN WANG

PHYSICAL REVIEW B 97, 035421 (2018)

the Fourier’s law [3]. The tangential heat flux reduces near
the adiabatic boundary as the surface imposes retardancy on
the phonon flow. Thus we propose a heat flux tangential
retardant (HFTR) boundary condition for phonon flow in
confined space. The essential difference between the HFTR
boundary condition and velocity slip boundary condition will
be further elucidated through the case of in-plane transport in
Sec. IV A 1. On the other hand, the terminology “temperature
jump boundary condition” is still used since the temperature
jump in phonon flow holds almost the same physical picture
as that in high-Knudsen-number gas flow. Both the HFTR and
temperature jump boundary conditions are developed for the
phonon hydrodynamic equation in this section.

Our derivation is based on the principle in classical kinetic
theory [53,64] in which the boundary condition for a specific
macroscopic field variable (the corresponding microscopic
variable ¢) is derived through the balance equation of its flux
at the boundary [64]:

f fdvedk = f fpvedk + f frovedk,  (34)
Q Q- Qt+

with , @7, Q1 denoting the whole wave vector space, the
hemispherical wave vector space with k-n < 0, and the
hemispherical wave vector space with k - n > 0, respectively.
n is the surface unit normal vector as shown in Fig. 1. As
long as the expressions of the distribution function of incident
phonons ( f ) and reflecting phonons ( f 1) are known, Eq. (34)
relates the field variables of phonons near the surface to
those at the surface, exactly the boundary conditions. The
distribution function of incident phonons is available from the
nonequilibrium solution Eq. (31) in Sec. IID. The distribution
function of reflecting phonons is related to that of incident
phonons through the phonon-surface interaction model. The
most common Maxwell model is adopted here [65]:

k) =sfx,t,kK)+ 1 —s) frl(x,1,k), (35)

where k' = k — 2(n - k)n denotes the wave vector of phonons
experiencing specular scattering, and s is the specularity
parameter, with s and 1 — s denoting the portion of phonons
experiencing specular scattering and diffuse scattering, re-
spectively. The thermalizing diffuse scattering is considered
in Eq. (35) which assumes that the incident phonons leave
the boundary after reaching thermal equilibrium with the
surface. Although the nonthermalizing diffuse scattering is
discussed in some recent literature [26,66], we choose the
thermalizing one due to both its simple formulation and wide
applications in Boltzmann equation modeling of phonon heat
transport [1,16,67,68]. In addition, later we will show that the
difference between mesoscopic diffuse scattering schemes is
smoothed out after an upgrade of the level of description to
macroscopic one. The present macroscopic model can still
produce consistent results with the Monte Carlo simulation
using the nonthermalizing diffuse scheme for heat conduction
through thin films with adiabatic lateral surfaces.

A. Heat flux tangential retardant boundary condition

To derive the boundary condition for heat flux, the phonon
microscopic variable ¢ = v /iw is put into Eq. (34). As shown
in Fig. 1(a), we consider a steady-state phonon transport paral-

lel to an adiabatic surface under a uniform temperature gradient
such that the heat flux depends merely on the coordinate y. In
this case, Eq. (34) reduces to

/ fhovgvg,dk
Q

= [T hovgvg,dk +/ f+ha)vnggydk. (36)
Q- Qr

The distribution function of phonons incident on the surface is
obtained from Eq. (31):

3 3l§q 3R 99 8f1§q
C Z_wavgx__zvnggy . g
v Uy oT Cva ay /, 0T
(37)

fT=R+

The distribution function of phonons leaving the surface is
determined from Eq. (35):

=5 (g, —vgy) + (1 =) f". (38)

The first term on the right-hand side of Eq. (36) is resolved
by substituting Eq. (37) inside and integrating over the hemi-
spherical wave vector space:

3 1 8 X
TV VoydK = — — VoG — — TRV q )
i [ hwvg,vgy 1 Veq 7 erg< 3y >w

(39)
The second term on the right-hand side of Eq. (36) is resolved

by substituting Eq. (37) and Eq. (38) inside and then integrating
over the hemispherical wave vector space:

3 1 dq
f+hwvnggydk = s[EUngw T ETRU!?( 8;>wi|'

Qt

(40)

Putting Eq. (39) and Eq. (40) into Eq. (36), we acquire the
following relation at the boundary:

3 1 99
Oy =(s— I)I:El}gqxw + Enwﬁ( 3y )} (41)

One also has the constitutive relation for the flux of heat flux
at the boundary from Eq. (28):

1 99«
Qsy = ——er§( % )w (42)

5

A combination of Eq. (41) and Eq. (42) results in the HFTR
boundary condition:

1 8 0qy
fow = —> S A (2 43)
1—-s15 ay /.,

It is seen that the surface heat flux is proportional to the
gradient of heat flux near the surface. For the special case of a
fully diffuse surface often considered in engineering (s = 0),
Eq. (43) reduces to

8  [dg,
ey = A(i>. (44)

15 ay

The present derivation based on a straight surface can be
extended for curved surfaces, where Eq. (43) is generalized
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to

145 8

w = —AV )

=150

with V,, denoting the local gradient along the surface normal
direction.

(45)

B. Temperature jump boundary condition

To derive the boundary condition for temperature (energy
density), the phonon microscopic variable ¢ = hw is substi-
tuted into Eq. (34). As shown in Fig. 1(b), a one-dimensional
(1D) steady-state phonon transport normal to an isothermal
surface is considered. In this case, Eq. (34) reduces to

/fha)vgxdk:/ f_hwvgxdk—i—/ f+ha)vgxdk.
Q - Q*

(46)

Based on the energy conservation principle, one has van-

ishing divergence of heat flux: dg,/dx = 0. Therefore, the

distribution function of phonons incident on the surface is
reduced from Eq. (31) as

_ e 3 3fg
f = Rq(Tp)+ __Rvang

47
vaéz, oT ( )

with T}, denoting the temperature of phonons in the vicinity of
the surface. The distribution function of phonons leaving the
surface is specified from Eq. (35) as

f+ = Sf_(_vgxsvgy) +d - s)flgq(Tw)’

with T, denoting the temperature of the heat source. The first
term on the right-hand side of Eq. (46) is resolved by putting
Eq. (47) inside and integrating over the hemispherical wave
vector space:

(48)

1 1
fThovgdk = —nge(Tp) + qu. 49)

o
The second term on the right-hand side of Eq. (46) is resolved
by substituting Eq. (47) and Eq. (48) inside and then integrating
over the hemispherical wave vector space:
" 1 1 1
fThovgdk = —vge(Tp) — =qx | + (1 —s)=vee(Ty,).
Q+ 4 2 4
(50)

In deriving Eq. (49) and Eq. (50), the following correlation
has been used:

e e 1
/ fr hwvg,dk = —/ fr hwvgdk = —vee,  (51)
o+ - 4

which can be obtained through the following relations after
partial integration over the solid angle:

3 kp hv2k3
/ fr hwvg, dk = —371/ g dk,
Q+ 2m) o exp(hiw/kgT)—1
(52)
3 ko R k>
e= / Felhwdk = —— 4 / s dk
o ey Jo exp(ho/ksT) — 1
(53)

The upper limit of the wave number in Eq. (52) and Eq. (53)
is related to the Debye frequency (wp) as kp = wp/ve. The
coefficients 3 and 27 come from the number of acoustic
phonon branches and the elemental volume in wave vector
space, respectively. Putting Eq. (49) and Eq. (50) into Eq. (46),
we acquire the following relation at the boundary:

1—s1

- - C Tw_T )
s »)

9x (54)

where e(T,) —e(T,) = Cy(T, — T,) has been assumed
within first-order Taylor expansion when the heat transport is
driven under arelatively small temperature difference. One also
has the constitutive relation for the heat flux at the boundary
from Eq. (29):

dr 1 . , dT
gr = —r—— = —Cyv, IR ——

. 55
dx 3 dx (55)

The combination of Eq. (54) and Eq. (55) gives rise to the
temperature jump boundary condition as

1 2 dT
_ +s_A

T, —T,= —_
P 1—s3 dx

(56)

It is seen that the temperature jump at an isothermal surface is
proportional to the temperature gradient near the surface. For
the special case of a fully diffuse heat source (phonon black-
body) often considered in engineering applications (s = 0),
Eq. (56) reduces to

(57)

The temperature jump boundary condition Eq. (57) for the
fully diffuse case has been obtained in a recent work through
an approximate solution to the one-dimensional steady-state
phonon Boltzmann equation [69]. Nevertheless, the present
result Eq. (56) is more general than the previous one Eq. (57).
Furthermore, we provide a consistent framework for de-
veloping the boundary conditions for both heat flux and
temperature.

IV. RESULTS AND DISCUSSION

In this section, the phonon hydrodynamic model developed
in Sec. II and Sec. III is extensively validated with both
steady-state and transient nanoscale heat transport at room tem-
perature. Steady-state cases will be investigated in Sec. IV A
including in-plane and cross-plane phonon transport through
thin film and phonon transport through nanowire. Transient
cases are investigated in Sec. IVB including the 1D tran-
sient phonon transport across thin films, the high-frequency
periodic heating of a semi-infinite surface in a frequency
domain thermoreflectance (FDTR) experiment [70,71], and
the heat conduction in a transient thermal grating (TTG)
experiment [16,72] for the measurement of thermal properties
of nanostructures. The analytical solutions of the phonon
hydrodynamic model are obtained and compared to the so-
lutions of the phonon Boltzmann equation or experimental
results.
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A. Steady-state nanoscale heat transport 0 (fully diffuse) to 1 (fully specular). The Fuchs-Sondheimer
model originally proposed for in-plane electron transport has
been extended to in-plane phonon transport [1]. In this model,

For the in-plane phonon transport shown in Fig. 2(a), 2 e analytical solution of the steady-state phonon Boltzmann
uniform temperature gradient —dT /dx is exerted along the equation with the Maxwell boundary condition Eq. (35) is
thin film with an arbitrary surface specularity parameter s from obtained as [16,67]

1. In-plane phonon transport through a thin film

J

Afie (1—s)

TRV, Sin 6 COs ¢ ({; ar [#(AAC:ZS) 1], 0<%,

g()’,97€0) = (1-s) _y=d_ (58)
|: s exp( ) _ 11|’

. Afgt dT Acosh 7
TRUg Sin 6 cos @ 2= rer (L) > <0<,

where the deviation of the phonon distribution function from the equilibrium distribution is introduced as g = f — flsq. 0 and ¢
denote the zenith angle and azimuthal angle, respectively, for characterizing the direction of phonon motion as shown in Fig. 2.
The heat flux distribution is obtained by substituting Eq. (58) into the second formulation in Eq. (4):

1 1-— +e
q*(Y) _ %/ (1— /1«2){2 _ ( s)[CXP( nKny ) 289 (;,LKn,)] }dll-, (59)
0

1 —sexp(— ulin/)

where the directional cosine is ;t = cos @ and the dimensionless coordinate and heat flux are defined respectively as Y = y/d
and q*(Y) = — fQ(Ty} - The spatial Knudsen number is defined as the ratio of the phonon mean-free path to the thin-film thickness:
Kn; = A/d. The effective in-plane thermal conductivity of the thin film is acquired through an integration of the local heat flux

along the cross section:

Acff
Ab

where A, = A is the bulk thermal conductivity. Substitution of Eq. (59) into Eq. (60) results in the effective in-plane thermal
conductivity of the thin film [1]:

1
= / q"(Y)dY, (60)
0

Aett 31—9) ! 1 —exp(=§/1)
=1- w(l — pH)——————=—"dpu, (61)
Ab 2 Jo I —sexp(=§/w)
where £ = 1/Kny; is the inverse of the spatial Knudsen number.
The in-plane phonon transport through the thin film is also modeled by the phonon hydrodynamic equation (29), which reduces

to

dr 1 ,d%q,
ar 1pds
dx 5 dy*?

The boundary conditions for this second-order ordinary differential equation of heat flux include the HFTR boundary in Sec. IIT A
and the symmetrical boundary along the center line of the thin film:

1+s 8 A dq, _d  dgx
1—s15 \ dy 27 dy
The heat flux distribution is resolved through a solution of Eq. (62) with the help of boundary conditions Eq. (63):

exp [ (Y = D] +exp [ (Y - 3)]

(F5% — Dexp (—50) — (155 + Dexp (34)

where the dimensionless variables and parameters are the same as those in Eq. (59). The effective in-plane thermal conductivity
of the thin film is achieved by putting Eq. (64) into Eq. (60):

(62)

b=0. g = 0. (63)

q (Y) = (64)

Aeti L 2%/ [exp (zﬁ) —exp (— 2£1 )] .
A (253 - Dexp(—50) — (12 2z + e (32)

The comparison of cross-sectional heat flux distributions solutions. With increasing Kny, the heat flux distribution across
for in-plane phonon transport is shown in Fig. 3, where  the thin film becomes more nonuniform as a result of the
an overall good agreement is achieved between the present spatial thermodynamic nonequilibrium effect. The heat flux
hydrodynamic modeling results and the Boltzmann equation =~ near the surface is reduced from the confinement of phonon-
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FIG. 2. Schematic of phonon transport through a thin film with a thickness d: (a) in-plane transport; (b) cross-plane transport. 7, and 7, are

the temperatures of hot and cold sources, respectively.

boundary scattering, which is enhanced relative to the intrinsic
phonon-phonon scattering at a smaller thin-film thickness. The
phonon hydrodynamic model captures this non-Fourier feature

O  Phonon BTE s=1

+

¢

Hydrodynamic model s=1
Phonon BTE s=0.9
Hydrodynamic model s=0.9
Phonon BTE s=0.7

——— Hydrodynamic model s=0.7
A Phonon BTE s=0.4

o

Hydrodynamic model s=0.4
Phonon BTE s=0
Hydrodynamic model s=0

+

m]

Phonon BTE s=1

Hydrodynamic model s=1
Phonon BTE s=0.9
Hydrodynamic model s=0.9

& Phonon BTE s=0.7

Hydrodynamic model s=0.7

A Phonon BTE s=0.4

Hydrodynamic model s=0.4
Phonon BTE s=0
Hydrodynamic model s=0

Y
(©)

through both the nonlocal term of heat flux in the heat transport
equation and the HFTR boundary condition. Therefore, the
predicted effective in-plane thermal conductivity of the thin

Phonon BTE s=1
Hydrodynamic model s=1
+  Phonon BTE s=0.9
Hydrodynamic model s=0.9
<& Phonon BTE s=0.7
——— Hydrodynamic model s=0.7
A Phonon BTE s=0.4
Hydrodynamic model s=0.4
O  Phonon BTE s=0
Hydrodynamic model s=0

Phonon BTE s=1
Hydrodynamic model s=1
+  Phonon BTE s=0.9
Hydrodynamic model s=0.9
& Phonon BTE s=0.7
Hydrodynamic model s=0.7
A Phonon BTE s=0.4
Hydrodynamic model s=0.4
O  Phonon BTE s=0
Hydrodynamic model s=0

Y
(d

FIG. 3. The dimensionless cross-sectional heat flux distributions for in-plane phonon transport through thin film at different spatial Knudsen

numbers: (a) Kn; = 0.05, (b) Kn; = 0.1, (¢) Kn; = 0.2, (d) Kn; = 0.3. The solid lines represent the analytical solution Eq. (64) based on the
present phonon hydrodynamic model, whereas the symbols represent the analytical solution Eq. (59) (Fuchs-Sondheimer model) based on the
phonon Boltzmann transport equation (BTE). Different specularity parameters are considered for the lateral surface of the thin film: s = 1
(circle), s = 0.9 (plus), s = 0.7 (diamond), s = 0.4 (triangle), s = 0 (square). The spatial Knudsen number is defined as the ratio of phonon
mean-free path to the thin-film thickness: Kn;, = A/d.
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FIG. 4. The dimensionless effective in-plane thermal conduc-
tivity of the thin film. (a) Comparison to the theoretical solution.
The solid lines represent the analytical solution Eq. (65) based
on the present phonon hydrodynamic model, whereas the symbols
represent the analytical solution Eq. (61) (Fuchs-Sondheimer model)
based on the phonon Boltzmann transport equation (BTE). Different
specularity parameters are considered for the lateral surface of the
thin film: s = 1 (circle), s = 0.9 (plus), s = 0.7 (diamond), s = 0.4
(triangle), s = 0 (square). The spatial Knudsen number is defined
as the ratio of phonon mean-free path to the thin-film thickness:
Kn, = A/d. (b) Comparison to experimental results of thin films
with a diffuse lateral surface (s = 0) at room temperature (7' =
300 K). The symbols with error bars are experimental data from the
literature [16,73-76], whereas the dashed line and solid line represent
respectively the solutions of the gray phonon BTE [16] and the present
phonon hydrodynamic model with a median-thermal-conductivity
phonon mean-free path A,, = 441 nm [72,77]. The solid line with
the cross symbol denotes the solution of the spectral phonon BTE
[16].

film agrees well with the Fuchs-Sondheimer model, as shown
in Fig. 4(a). Itis also seen that the spatial nonequilibrium effect
decreases with increasing value of the specularity parameter,
which can be explained by a larger effective thin-film thickness

for a smoother surface. In all, the phonon hydrodynamic model
gives appreciably accurate results at a spatial Knudsen number
smaller than about 0.3, i.e., up to the slip regime and early
transition regime. The result of the phonon hydrodynamic
model is further compared to the experimental measurement of
thermal conductivity of silicon thin films at room temperature
[16,73-76], as shown in Fig. 4(b), where a global agreement is
acquired. A fully diffuse scheme is used for phonon-boundary
scattering at the thin film surface [16,67]. The phonon spectral
property is taken into account by introducing an effective
“median-thermal-conductivity MFP,” A,,, which is defined as
the MFP of phonons larger than A, contributing to 50% of
the bulk thermal conductivity from the phonon MFP spectra
[72,77]. The phonon MFP spectra of silicon at room temper-
ature have been reconstructed by different experimental or
computational methods, which produce a range of values for
A,,. The results by the ab initio method (A,, = 547 nm) and
the molecular dynamics simulation (A,, = 335 nm) have been
recommended as the most two accurate ones [77]. Therefore,
we adopt the value of median-thermal-conductivity MFP of
phonons A,, = 441 nm as an average of the two results. The
adopted value of the median-thermal-conductivity MFP is also
consistent with that (~0.5 um) in Ref. [72], where A,, has
been suggested as a more useful parameter in analyzing the
onset of size effects in thermal conductivity.

Through the present study, some essential differences are
inferred between the nonequilibrium effects and hydrodynamic
modeling in micro/nanoscale gas flow and phonon flow.
As is known the Fourier’s law and Navier-Stokes equation
describe well the behaviors of heat and fluid flow in the
continuum regime. For gas flow in the slip regime and early
transition regime, the Navier-Stokes equation can still provide
an appreciably good prediction of the velocity profile when
supplemented with velocity slip boundary conditions including
first-order and second-order ones [62], as shown in Fig. 5(a).
In comparison, once phonon heat transport deviates from the
continuum (diffusive) regime, the Fourier’s law no longer
works in capturing any tiny amount of reduction of heat flux
near an adiabatic surface. The correction of the constitutive
heat transport equation is crucial for an adequate description
of phonon flow in a confined space. In other words, the
nonlocal terms of heat flux in Eq. (29) are indispensable
for modeling phonon transport in the slip regime and early
transition regime as shown in Fig. 5(b). This difference in
hydrodynamic modeling originates from the underlying dif-
ferent microscopic dynamics of gas molecules and phonons.
Gas molecules obey the classical Maxwell-Boltzmann statis-
tics and the total momentum is conserved during molecule-
molecule scattering [52]. In the gas Poiseuille flow shown in
Fig. 5(a), the momentum transfers from the internal molecules
to the molecules near the wall and is finally destructed by
the wall. Therefore, a vanishing macroscopic gas velocity
at the wall is observed in the continuum regime, where the
Navier-Stokes equation with the non-slip velocity boundary
condition works well [62]. Phonons are instead bosons obeying
the quantum Bose-Einstein statistics with the total momentum
not conserved during phonon-phonon umklapp scattering at
ordinary temperature [1,41]. In the phonon flow shown in
Fig. 5(b), the umklapp scattering taking place everywhere tends
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Slip velocity Reduced heat flux

i I Knudsen layer (1~2A) Knudsen layer (1~2A)

----- Fourier’s solution
a ... PH Eq. + HFTR
q
= Real heat flux profile

----- N-S Eq. + Non-Slip
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= Real velocity profile
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\u\v A ‘rvrzu{[
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(@) (b)

FIG. 5. Schematic of nonequilibrium effects and hydrodynamic modeling in the micro/nanoscale gas flow and phonon flow in the slip
regime. (a) The gas flow. The light blue dashed line and purple dashed line represent the solutions of the Navier-Stokes equation (N-S Eq.)
with the nonslip velocity boundary condition and velocity slip boundary condition, respectively. The red solid line denotes the real velocity
profile. (b) The phonon flow. The light blue dashed line and purple dashed line represent the solutions of Fourier’s law and the present phonon
hydrodynamic equation (PH Eq.) with the heat flux tangential retardant (HFTR) boundary condition, respectively. The red solid line denotes

the real heat flux profile. The Knudsen layer near the lateral boundary has a thickness of 1 ~ 2 mean-free paths (A).

to introduce uniform resistance throughout the medium so
that the heat flux profile becomes a flat one in the diffusive
regime, as predicted by Fourier’s law. When coming to the
micro/nanoscale transport, the physical picture thus becomes
diverse. The rarefied interaction between gas molecules and
the wall at the micro/nanoscale makes the destruction of
molecule momentum insufficient at the wall, which induces
a macroscopic gas velocity slip at the wall. However, the
boundary shortens the free path of nearby phonons within
the Knudsen layer, which induces a further resistance to
phonon transport besides the intrinsic resistance by umklapp
scattering and thereafter a reduced heat flux at the boundary.
The present analysis also corroborates why the “heat flux
tangential retardant” (HFTR) boundary condition is introduced
in place of the “slip” boundary condition in Sec. IITA for
nanoscale phonon heat transport.

2. Cross-plane phonon transport through a thin film

For the 1D steady-state cross-plane phonon transport shown
inFig. 2(b), the phonon Boltzmann equation Eq. (2) is rewritten
into the equation of phonon radiative transfer (EPRT) [50]:

aI(y,p) _ I9(y) — I(y, )
M oy X ,

(66)
|

where tBe phonon intensity is defined as: [ =
f vohof %da}, with the equilibrium phonon intensity
14 = [vhofg?5%dw. D(w) is the density of phonon
states per unit volume around per unit frequency interval. We
consider two isothermal heat sources with partially diffuse and
partially specular surfaces. The boundary conditions Eq. (35)

for Eq. (66) become

y= 07 I+(O9/"L) = (1 - S)qu(Th) + SI_(Ov_M)s
y=d, 1" (d,p)=1—=)IUT,)+sI"(d,—p). (67)

The numerical solution of Eq. (66) with the fully diffuse
isothermal boundaries [s = 0 in Eq. (67)] has been given in
the classical monograph [1]. A semianalytical series expan-
sion method was recently developed to solve the frequency-
dependent phonon Boltzmann equation for cross-plane heat
transport with a variety of isothermal boundary conditions [78].
As the gray phonon transport is considered in the present work,
we follow the general idea for the fully diffuse case in Ref. [1]
and provide the numerical solution of Eq. (66) with an arbitrary
value of specularity parameter s in Eq. (67).

The general solution of Eq. (66) is obtained through the
integration along its characteristics [1]:

N ored(y’ ’r_
IT(n,pn) = 17(0, ) exp (—E> +/ () exp <77 77)dn’, 0< <,
% 0o M %

I"(m,u) = I"(§,u)exp (5;17) —[
H n

£ 1°90y)

exp(77 _n)dn/, 1< <0, (68)
I I

where the dimensionless coordinate is defined as n = y/A, and the inverse of the spatial Knudsen number is § = 1/Kn; = d/A.
For the fully diffuse isothermal boundaries (s = 0), I7(0,1t) and I~ (&,u) are known from the equilibrium distributions at the
temperature of hot and cold sources as I1(0,u) = 1°9(T},) and I~ (&, ) = I°9(T,). For the partially diffuse and partially specular
isothermal boundaries (s # 0), they are determined from Eq. (67) and Eq. (68) (details are shown in the Appendix A):

1—s s(1 — s)exp(—& /) sPexp(—=2&/n) (% 1% "\,
eq eq x
a2/ T Cep2t/m Ot T o260 Jy n eXp(u)"”

s 5 1% ( 77/>
+ exp (—— )dn, (69)
I—2exp(—26/m Jo P\ )

170, =
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) i (1 = ) expl&/ 0 PexpQs/iw) [N (o —¢
— eq eq —
P = ez e T egot o ()
1 (E—a
=2 exp(Zé/,u)/ xp( w )dn. (70)

Substitution of Eq. (69) and Eq. (70) into Eq. (68) results in the expression of phonon intensity as a function of the integration

S . . ) . . . . . oq _ Ve e
of equilibrium phonon intensity. With the aid of the relations between phonon intensity and energy density, /9 = 4 e = 4n

and e = i /. 4 1(1,,1)dS2, we derive an integral equation for energy density distribution:

£ 1
2e*(n) = G(??)Jr/0 e*(n’)/o F(n'.n,wdpdn’, (71)

e(m)—e(T,)
e(Ty)—e(Te)"

s(1 —s) n—2¢&
[ =7 exp(~2¢ /1) e"p( " )]d“ | "

where the dimensionless energy density has been defined as e*(n) = The function G(n) and integral kernel F(n',n, 1)
1—=s

are denoted fully as
1 n
G(n) = expl —— ) +
" /o[l—szexm—zsm) p( u)

o 422) il () o)
w ® 1 — sZexp(—2£/p) 5 5

s? n—n —2¢ n—n—2&
+l—szexp(—2§:/u)|:exp< 1 )HXP( 1" )” 7

The temperature distribution across the thin film is related to the energy density distribution as O(Y) = e*(n), with ® = ; TT

and Y = n/& = y/d. The numerical method developed for the case of diffuse isothermal boundaries [1] is applied to solve
Eq. (71), with the trapezoidal scheme to compute the integration over the spatial coordinate n’ (the details of the numerical
solution are shown in Appendix B). A grid of N, = 1001 is used after a verification of grid independence. Based on the kinetic

F(n'.n.p) =

definition, g,

P o ! 1—s s(1—s)
17 /0 [1—326Xp(—2‘§/u)u_ 1 —s?exp(—2& /1)
s(s—1)

1 — s%exp(—2¢ /1)

where the dimensionless heat flux is defined as q* =

oo T —e T The effective cross-plane thermal conductivity
_ 4 34}'

is defined as 2 = L& — and related to the

Ab q» veKny[e(T))—e(T:)]”
dimensionless heat flux as
A 3
i q-. (75)
)\b 4KI11

The cross-plane phonon transport through the thin film is
also modeled by the phonon hydrodynamic equation Eq. (29),
which reduces to the classical Fourier’s law since the nonlocal
term of heat flux vanishes because of the energy conserva-
tion principle: dg,/dy = 0. Thus the temperature differential
equation becomes

da*T

2L o, 76
e (76)

with the boundary conditions obtained from Eq. (56):

14+s2 dT
y=0, T, —T=-— —A—,
1—s3 dy
1 2 dT
y=d, T-T.=- +S—A—. a7n
1—s3 dy

pwexp(—=2&/u) +

= f 1 W11, 1)dS2, we obtain the expression of heat flux across the thin film:

¢ o
e*(n) exp (——)dn’
%

s —
1 — s?exp(—2§ /1) ./0

3 ]
e*(n) exp (” g)dn’]du, (74)
0 w

(

The temperature distribution is then achieved through a
solution of Eq. (76) with the boundary conditions Eq. (77):

14 ﬂ§an Y (78)
1+1j§Kn1 1+%+§§K ny;

where the dimensionless coordinate and temperature have
the same definitions as those in phonon Boltzmann equation
solutions. The heat flux across the thin film is derived from
qy = —AdT/dy as

A T, —T.

14+ 3Kn d

qy = (79)

The effective cross-plane thermal conductivity of the thin
film is acquired from Eq. (79) as

Aeff 1

)‘b 1 + 1—+S§Knl.

(80)

The comparison of temperature distributions in cross-plane
phonon transport is shown in Fig. 6, where an excellent
agreement is achieved between the results by the phonon
hydrodynamic model and by Boltzmann equation modeling.
The temperature jump near the boundaries increases with
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FIG. 6. The dimensionless temperature distributions in the cross-plane phonon transport through the thin film at different spatial Knudsen
numbers: (a) Kn; = 0.05, (b) Kn; = 0.1, (¢c) Kn; = 0.2, (d) Kn; = 0.3. The solid lines represent the analytical solution Eq. (78) based on
the present phonon hydrodynamic model, whereas the symbols represent the numerical solution of Eq. (71) based on the phonon Boltzmann
transport equation (BTE). Different specularity parameters are considered for the surface of the isothermal heat sources: s = 0 (circle), s = 0.3
(diamond), s = 0.6 (square), s = 0.9 (triangle). The spatial Knudsen number is defined as the ratio of phonon mean-free path to the thin-film

thickness: Kn; = A/d.

increasing Kn; due to the thermodynamic nonequilibrium
effect. In addition, a larger temperature jump is obtained at
an elevated surface specularity parameter of the heat sources,
as induced by less sufficient phonon-boundary thermalization
and larger thermal resistance. Therefore, in contrast to the in-
plane transport, the effective cross-plane thermal conductivity
decreases as the specularity parameter increases, as shown
in Fig. 7. In all, the phonon hydrodynamic model produces
very accurate temperature distributions at a spatial Knudsen
number smaller than about 0.3. On the other hand, the heat
flux is predicted still very well when Kn; reaches as high
as 5 or even larger, which has also been obtained in lattice
Boltzmann modeling of the same case [79]. Furthermore,

the present model provides a much more efficient approach
to the cross-plane heat transport which requires otherwise a
very complicated numerical solution of the phonon Boltzmann
equation. The phonon hydrodynamic model gives a simple
analytical solution as well as a clarified interpretation of the
boundary nonequilibrium effects.

3. Phonon transport through a nanowire

For phonon transport through a nanowire as shown in Fig. 8,
a uniform temperature gradient —d 7 /dx is exerted along the
nanowire with a lateral surface specularity parameter s. The
Boltzmann equation solutions have been already obtained for
the same electron transport problem [80], where the radial heat
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FIG. 7. The dimensionless effective cross-plane thermal conduc-
tivity of the thin film. The solid lines represent the analytical solution
Eq. (80) based on the present phonon hydrodynamic model, whereas
the symbols represent the numerical solution Eq. (75) based on the
phonon Boltzmann transport equation (BTE). Different specularity
parameters are considered for the surface of isothermal heat sources:
s = 0 (circle), s = 0.3 (diamond), s = 0.6 (square), s = 0.9 (trian-
gle). The spatial Knudsen number is defined as the ratio of the phonon
mean-free path to the thin-film thickness: Kn, = A/d.

flux distribution is

3 S b4 5 2
g =1——(1—5) s”/ dfcos 0 sinG/ do
4 ; 0 0

|: r*sing + 2n + 1)y/1 — r*2cos2<p:|
X exp | — .

Kn; sin 6

1)

where the dimensionless radial coordinate and heat flux are
defined respectively as r* = r/R and q*(r*) = 7/{][;(;; o> With
the spatial Knudsen number Kn; = A/R. The effective thermal

conductivity of the nanowire is therefore obtained as [80]

A 12 > !
T =1-=01-9) ns”_lf V1—12
T 0
n=1

Ab

! t
X / exp (—E)\/ 1 — u?ududt, (82)
0 u

FIG. 8. Schematic of phonon transport through a nanowire with
radius R.

where k is related to the inverse of the spatial Knudsen number
as k = 2/Kn;.

This phonon heat transport is also modeled by the phonon
hydrodynamic model Eq. (29), which reduces to
lAdeQx(r) lAzldq/\f(")

5 dr? 5 r dr

Equation (83) is a second-order ordinary differential equation
of heat flux, which needs two boundary conditions:

- ()—)»d—T (83)
qx\r) = d_x.

d
—0. qx(r):O’
dr
1 8 dq,
r=R, qg@)=-— +S—A—q (V) (84)

1—s15 dr

The general solution of the Bessel equation (83) is ¢, (r) =
Ci1Jo(i J5r /A) — A%, where the zeroth-order Bessel function
is defined as Jo(ix) = Y po, (x/2)* J(k!k!). The first boundary
condition in Eq. (84) has been naturally satisfied. The coeffi-
cient C; is determined from the second boundary condition
in Eq. (84), and the radial heat flux distribution solution is
acquired as

Jo(ir)
Q) =1- : , (85)
/5 I+s 8 -7 (:45
Jo(i%) — 155700 (038)
where the first-order Bessel function is defined as
Ji(ix) =iy 50 (x/2)* T [k\(k +1)!].  The  effective

thermal conductivity of the nanowire is obtained through
integrating the heat flux over the whole cross section:
hett /oy = ([ qu(r2mrdr) (2 4Lw R?) = 2 [} q*(@*)r*dr*,
which gives rise to the following result when putting Eq. (85)
inside:

Aeff | %”l(’%ﬁ)

Ap Jo(i%é)—g%u](i%fl)

The radial heat flux distributions and effective thermal con-

ductivity of phonon transport through the nanowire are shown
in Fig. 9 and Fig. 10, respectively, where comparisons are
made between the present hydrodynamic modeling results and
Boltzmann equation solutions. An appreciably good agreement
between them is achieved at a spatial Knudsen number smaller
than about 0.3. Similarly to in-plane phonon transport through
a thin film, there is a heat flux reduction near the lateral surface
at increasing Kn; due to the thermodynamic nonequilibrium
effect. The amount of reduction is larger at a smaller surface
specularity parameter, resulting in a smaller effective thermal
conductivity as seen in Fig. 10.

(86)

B. Transient nanoscale heat transport
1. 1D transient phonon transport across a thin film

For the 1D transient phonon transport across a thin film
shown in Fig. 11(a), the thin film is initially at a uniform
temperature 7;.. Suddenly the left-hand side of thin film comes
in contact with a hot source at a constant temperature 7, > T,
while the right-hand side comes in contact with a cold source at
aconstant temperature 7. Fully diffuse surfaces are considered
for both the hot and cold sources. The solution of the phonon
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FIG. 9. The dimensionless cross-sectional heat flux distributions for phonon transport through a nanowire at different spatial Knudsen
numbers: (a) Kn; = 0.05, (b) Kn; = 0.1, (¢c) Kn; = 0.2, (d) Kn; = 0.3. The solid lines represent the analytical solution Eq. (85) based on the
present phonon hydrodynamic model, whereas the symbols represent the analytical solution Eq. (81) based on the phonon Boltzmann transport
equation (BTE). Different specularity parameters are considered for the lateral surface of the nanowire: s = 1 (circle), s = 0.9 (plus), s = 0.7
(diamond), s = 0.4 (triangle), s = 0 (square). The spatial Knudsen number is defined as the ratio of the phonon mean-free path to the nanowire

radius: Kn; = A/R.

Boltzmann equation for this problem has been obtained by
the discrete ordinate method (DOM) in previous work [36,81].
For a convenient comparison, we use an efficient energy-based
deviational Monte Carlo method [51,82] to solve the phonon
Boltzmann equation.

This transient phonon transport problem is also modeled
by the present phonon hydrodynamic model, with the heat
transport equation (29) and energy balance Eq. (5) reducing
to respectively

9, o 1 00 4 ,0%q" &7
—_ —— n — — n _’
ar 4 30X T 15 N %2
00 ag*
& - KoL, (88)
ot X

where the dimensionless time, spatial coordinate, temperature,
and heat flux have been introduced separatelyas 7 = t /g, X =
)C/d, 0= (T - Tc)/(Th - Tc)s q)k = Qx/[ngV(Th - Tc)], and
the spatial Knudsen number is defined as Kn; = A/d. A
temporal Knudsen number is introduced as the ratio of phonon
relaxation time to characteristic time: Kn, = tg /¢ (the inverse
of dimensionless time). The dimensionless temperature differ-
ential equation is obtained by combining Eq. (87) and Eq. (88):
PO 90 1 .00 4y, 90
at2 9t 3 'ax® 15 '9XPar’
The dimensionless initial conditions for Eq. (89) are t = 0,
® =0, 00/9t = 0. The temperature jump boundary condi-
tions Eq. (57) are adopted, with their dimensionless forms

(89)
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FIG. 10. The dimensionless effective thermal conductivity of the
nanowire. The solid lines represent the analytical solution Eq. (86)
based on the present phonon hydrodynamic model, whereas the
symbols represent the analytical solution Eq. (82) based on the
phonon Boltzmann transport equation (BTE). Different specularity
parameters are considered for the lateral surface of the nanowire:
s = 1 (circle), s = 0.9 (plus), s = 0.7 (diamond), s = 0.4 (triangle),
s = 0 (square). The spatial Knudsen number is defined as the ratio of
the phonon mean-free path to the nanowire radius: Kn; = A/R.

given as
2 00
X=0, ®—1=-Kn—,
3 X
X=1, © 2K 90 90)
=1, = ——Kn —.
30X

A Laplace transform method is applied to solve Eq. (89),
where the Laplace transform of temperature distribution is
OX; p) = fOOO O(X,t)exp(—pr)dt, with p being a complex
parameter. In this way, the partial differential equation (PDE)
Eq. (89) of ®(X, 7) reduces to an ordinary differential equation
(ODE) of ®(X; p) in terms of the spatial coordinate X. The
analytical solution of dimensionless temperature distribution
in the frequency domain is obtained when supplemented with
the Laplace transform of boundary conditions Eq. (90). The
dimensionless temperature distribution in the real domain is
then computed through an inverse Laplace transform via a
Riemann-sum approximation [83]. After obtaining the solution
of temperature distribution evolution, the heat flux distribution
evolution is related to the former based on the Laplace
transforms of Eq. (87) and Eq. (88). The mathematical details
of the solution of the phonon hydrodynamic model for 1D
transient phonon transport across a thin film are provided in
Appendix C. To demonstrate the advantage of the present
hydrodynamic model, we also include the analytical solutions
of the classical Fourier’s law and C-V type heat transport
law for comparison. The analytical solution of Fourier’s law
can be found in Ref. [79] whereas the analytical solution
of the C-V law is obtained also by the Laplace transform
method. Another well-known non-Fourier model for ultrafast
heat conduction, the dual-phase-lag (DPL) model [18,83], is
not included here for comparison because it involves two

T,
=cos(wy?)
T %
l— J —>
(a) (®)
i - = B d
J—»x
Tx, y, 1)

L

-

(©)

FIG. 11. Schematic of transient nanoscale heat transport: (a) 1D
transient phonon transport across the thin film; (b) high-frequency
periodic heating of a semi-infinite surface; (c) heat conduction in the
transient thermal grating (TTG) experiment.

empirical phase lags which have usually to be determined by
adjusting to experimental data of the thermal response [3].
The temporal evolutions of temperature distribution and
heat flux distribution across the thin film are shown in Fig. 12
and Fig. 13, respectively. When the thin-film thickness is large
such that the spatial Knudsen number is vanishingly small, both
the phonon hydrodynamic model and the C-V law recover the
Fourier’s solutions, as seen in Fig. 12(a) and Fig. 13(a). With
decreasing film thickness and increasing spatial Knudsen num-
ber, the Fourier’s law becomes no longer available due to the
thermodynamic nonequilibrium effects from both spatial and
temporal aspects. At the early heating stage (a finite temporal
Knudsen number), there is a large temperature jump at X = 0
caused by the insufficient interaction between the hot source
and thin film due to both short time duration and small space di-
mension, as shown in Figs. 12(b)-12(d). The temperature jump
at X = 0 gradually decreases with time because of the temporal
accumulation of the thermalization between the hot source
and thin film. The temporal nonequilibrium effect vanishes
when the process reaches the final steady state, with merely the
spatial nonequilibrium effect left. Therefore, the temperature
jump on both sides of the thin film reduces to the value in
steady-state cross-plane phonon transport through the thin film
in Sec. IV A2. The C-V type law shows an improvement over
the Fourier’s law in capturing the front of the heat propagation
attributed to the relaxation term of the heat flux, yet it reduces
to the Fourier’s law in the steady state. In contrast, the present
phonon hydrodynamic model describes well these non-Fourier
features and provides good predictions consistent with the
Monte Carlo solutions of the phonon Boltzmann equation, as
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FIG. 12. The temporal evolutions of the dimensionless temperature distribution for the 1D transient phonon transport across the thin film
at different spatial Knudsen numbers: (a) Kn; = 0.01, (b) Kn; = 0.1, (¢) Kn; = 0.2, (d) Kn; = 0.3. The solid lines and dashed-dotted lines
represent the analytical solutions based on the present phonon hydrodynamic model and C-V law, respectively, whereas the symbols represent
the analytical solution based on Fourier’s law [79] in (a) or the energy-based deviational Monte Carlo solution of the phonon Boltzmann
transport equation (BTE) in (b)—(d). The dashed lines represent the analytical solution based on Fourier’s law [79] in (b)—(d). The temporal
Knudsen number is defined as the ratio of phonon relaxation time to the characteristic time (inverse of the dimensionless time), Kn, = 7z /1,
whereas the spatial Knudsen number is defined as the ratio of the phonon mean-free path to the thin-film thickness, Kn, = A/d.

shown in Figs. 12(b)-12(d) and Figs. 13(b)-13(d). The phonon
hydrodynamic model works well when both the spatial and
temporal Knudsen numbers are smaller than about 0.3, i.e., up
to the early transition regime, and can still capture the transient
phonon behavior up to Kn, = 1.

2. High-frequency periodic heating of a semi-infinite surface

For the phonon transport in high-frequency periodic heating
of a semi-infinite surface shown in Fig. 11(b), the medium is
initially at a uniform temperature 7,. Suddenly, the left-hand
side surface comes in contact with a heat source with a cosine
temperature variation versus time. After a sufficiently long

time, the system reaches a quasisteady state independent of the
initial condition. A fully diffuse surface is considered for the
heat source. The solution of the phonon Boltzmann equation
for this problem has been recently obtained by a two-flux
method, which gives the temporal evolution of the temperature
distribution at the quasisteady state as [71]

1
0X,1) = 5‘/1 + 2ccos ¥ + 2 exp(—v/3bX)

x cos(Kn, T — v/3aX + ¢)), on

where the dimensionless time and spatial coordinate is
defined as v =¢/tr and X = x/A, with the dimension-
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FIG. 13. Temporal evolutions of dimensionless heat flux distribution for the 1D transient phonon transport across the thin film at different
spatial Knudsen numbers: (a) Kn; = 0.01, (b) Kn; = 0.1, (¢) Kn; = 0.2, (d) Kn; = 0.3. The solid lines and dashed-dotted lines denote the
analytical solution based on the present phonon hydrodynamic model and C-V law, respectively, whereas the symbols represent the analytical
solution based on Fourier’s law [79] in (a) or the energy-based deviational Monte Carlo solution of the phonon Boltzmann transport equation
(BTE) in (b)—(d). The dashed lines represent the analytical solution based on Fourier’s law [79] in (b)—(d). The temporal Knudsen number is
defined as the ratio of the phonon relaxation time to the characteristic time (inverse of the dimensionless time), Kn, = 1 /7, whereas the spatial
Knudsen number is defined as the ratio of the phonon mean-free path to the thin-film thickness, Kn, = A/d.

less temperature being O(X,7) = [T (x,t) — To]l/AT. The
parameters in Eq. (91) separately are represented fully
as cosy =b/a, sinyy = —-2b, c =b/(a + Kn,), tan ¢, =

csiny /(1 + ccos ), with a = ‘/%\/an +/(Kn,)? + 1,

b= ,/%\/ —Kn, + /(Kn,)* + 1. The temporal Knudsen

number is defined as the ratio of phonon relaxation time to
the period of external cosine temperature oscillation (inverse
of its frequency): Kn, = wp tr, which characterizes the tem-
poral thermodynamic nonequilibrium effect in high-frequency
transient heat conduction. The temporal evolution of heat
flux distribution at the quasisteady state has been obtained

as [71]

qg"X,t) = %\/1 —2ccos ¥ + c2 exp(—v/3bX)

x cos(Kn, T — v/3aX — ¢), 92)

where the dimensionless heat flux is defined as q*(X,7) =
qx(x,t)/v,Cy AT, and the parameter tan ¢, = csiny//(1 —
ccosY). In the low-frequency limit with negligible tempo-
ral nonequilibrium effect, the Boltzmann equation solutions
Egs. (91) and (92) reduce to the Fourier’s solution: ®(X,7) =
exp(—+/3Kn, 22X) cos(Kn, 7 — +/3Kn,/2X) and q"(X,7) =
VKn, /3 exp(—+/3Kn, 2X) cos(Kn,t — +/3Kn, 2X 4+ /4).
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FIG. 14. Spatial distribution of the amplitude of the dimension-
less temperature oscillation for the high-frequency periodic heating
of the semi-infinite surface at different frequencies. Circles repre-
sent the phonon Boltzmann transport equation (BTE) solution from
Eq. (91), whereas the solid lines and dashed lines represent the
analytical solution of the phonon hydrodynamic model and Fourier’s
law, respectively. Five different frequencies are considered: Kn, =
107*,Kn, = 1073,Kn, = 1072, Kn, = 0.1, Kn, = 0.3. The temporal
Knudsen number is defined as the ratio of the phonon relaxation time
to the period of external cosine temperature oscillation (inverse of its
frequency): Kn, = wpy 1.

This periodic heating problem can be also described
by the present phonon hydrodynamic model, with the heat
transport equation (29) and energy balance Eq. (5) reducing
to respectively

o . 190 4 9q*
S A 93
oz 1 39X 15 0X2 ©3)
90 aq*
00 __% (94)

ot X’
where the definitions of dimensionless variables are the
same as those in Eq. (91) and Eq. (92). A combination of
Eq. (93) and Eq. (94) results in the temperature differential
equation as

RRIC) n 00 1 3’0 4 30
at2 9t 39X2  159X%9t’
The dimensionless initial conditions for Eq. (95) are t = 0,
® = 0,00 /dt = 0. For the boundary conditions, the temper-
ature jump ones are taken into account:

95)

X =0, © 290 _ (Kn,7)
= 0, 38X_COS n,T),
X — 00, ®=0. 96)

Again a Laplace transform method is applied to solve Eq. (95),
with the mathematical details given in Appendix D.

We compare the results of phonon hydrodynamic model to
both the phonon Boltzmann equation solution and the Fourier’s
solution. The amplitude of periodic oscillation of dimen-
sionless temperature distribution throughout the semi-infinite
medium is shown in Fig. 14. With increasing heating frequency
of the external heat source and temporal Knudsen number, the
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FIG. 15. Heating-frequency dependence of the amplitude of the
dimensionless surface temperature oscillation for the high-frequency
periodic heating of the semi-infinite surface. The squares represent the
phonon Boltzmann transport equation (BTE) solution from Eq. (91),
whereas the solid line and dashed line represent the analytical solution
of the phonon hydrodynamic model and Fourier’s law, respectively.
The temporal Knudsen number is defined as the ratio of the phonon
relaxation time to the period of external cosine temperature oscillation
(inverse of its frequency): Kn, = wpy tx.

heating-influenced region becomes smaller. Furthermore, an
appreciable surface temperature jump is obtained at a heating
frequency comparable to the inverse of phonon relaxation
time, which can no longer be described by the Fourier’s law.
This nonequilibrium phenomenon comes from the insufficient
interaction between the heat source and the medium in such
a short period of the temperature oscillation that the surface
cannot approach the temperature of the heat source. It has
a different origin but the same manifestation compared with
the usual temperature jump due to small system size, which
indicates the equivalent role of the temporal nonequilibrium
effect to the spatial one in non-Fourier heat conduction. The
amount of the surface temperature jump increases with the
temporal Knudsen number, as further demonstrated in Fig. 15.
The phonon hydrodynamic model is capable of describing
accurately these transient non-Fourier features at a temporal
Knudsen number smaller than about 0.3. A surprising good
prediction of the amplitude of the surface heat flux oscillation
at the temporal Knudsen number even as large as 10 is obtained
in Fig. 16, similar to the result (cf. Fig. 7) in steady-state cross-
plane phonon transport through a thin film in Sec. IV A 2.

3. Heat conduction in a transient thermal grating

For phonon heat conduction in transient thermal grating
(TTG) along a thin film shown in Fig. 11(c), an initial
periodic temperature distribution (thermal grating) is given as
T(x,t =0) = T, cos(gx) [84], with Ty, the initial amplitude,
and wave number ¢ related to the grating period L as g =
27 /L. The TTG heat conduction is an intricate process as there
exist cross-coupling thermodynamic nonequilibrium effects
from both phonon-boundary confinement due to finite film
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FIG. 16. Heating-frequency dependence of the amplitude of the
dimensionless surface heat flux oscillation for the high-frequency
periodic heating of the semi-infinite surface. The squares represent the
phonon Boltzmann transport equation (BTE) solution from Eq. (92),
whereas the solid line and dashed line represent the analytical solution
of the phonon hydrodynamic model and Fourier’s law, respectively.
The temporal Knudsen number is defined as the ratio of the phonon
relaxation time to the period of external cosine temperature oscillation
(inverse of its frequency): Kn, = wpy 1.

thickness and quasiballistic transport due to finite grating
period. They are characterized by the spatial Knudsen number
Kn; = A/d and inverse nondimensional grating period n =
2w A/ L, respectively [84]. Thus the theoretical modeling of
TTG heat conduction is a challenging task, which involves
a complicated numerical solution of the phonon Boltzmann
equation in recent work [66,84]. In contrast, the present phonon
hydrodynamic model provides a simple and efficient avenue
to this problem, through an analytical solution of Eq. (5) and
Eq. (29) with the HFTR boundary condition. A fully diffuse
surface is assumed for the thin film [84].

Itis reasonable to assume the temperature distribution along
the thin film remains periodic throughout the decay process as
shown in Fig. 11(c). Due to enhanced boundary scattering of
phonons near the film surface, the decay rate of temperature
amplitude is smaller in the vicinity of lateral boundary. The
temperature distribution along the cross-sectional direction
will become nonuniform [66]. Thus the TTG heat conduction
is a two-dimensional transient process, where the temperature
distribution evolves as T = (T (y,t)) cos(gx) with (T(y,t))
denoting the amplitude of temperature distribution. The heat
flux along the thin film is also periodic, yet with a phase delay
behind the temperature distribution: g, = —{g.(y,?)) sin(gx)
with —(q.(y,?)) denoting the amplitude of heat flux along
the thin film. Due to the nonuniform temperature distribution
along the cross-sectional direction, a heat flux is induced
as gy = {q,(y,1)) cos(gx) with {(g,(y,?)) the amplitude of
heat flux in the cross-sectional direction. Substituting the
periodic expressions of temperature and heat flux distribu-
tions into the phonon hydrodynamic Eq. (29) and energy
balance Eq. (5), we obtain the governing equations for their

amplitudes:

aqr 4
X 1 _ *
ot +( 157 )q“

1, 1 ,8%* 1 ,0q;
=——n%+ -K SRS 97
3OS T Gy N
q; 1,
_ 14 = *
P +< + 517 )qy
1,00 4 ,0%q% 1 _ ,oq*
= ——Kn?— + —Kn?*—2 — —Kn?—=, (98
3Ry TR Gy TRy O8)
30 9q;
— =q - 2, 99
ot T 5y 9
wherein the nondimensional variables are introduced as
T(y,t
Y:X,‘L':—, Q(Y"[):M,
d R Tm
. (g:(y,1)) N (gy(y,1))
QY0 = 0L ey, = L (100)
CyT,/trg CyT,d/tr

The initial conditions and boundary conditions for
Eqgs. (97)-(99) are respectively

00

t=0,60=1, —=0; q=0, qf =0, (101)
ot Y
8 aqr
Y=0, q=—K = qr =0,
=y b
1 oJq*
Y=, =0, q¢=0. 102
2 9y q, (102)

A Laplace transform method is applied to solve Eqs. (97)—
(99), which thereafter reduce to a set of ordinary differential
equations. Furthermore, we get a fourth-order differential
equation of x-direction heat flux amplitude by eliminating the
y-direction heat flux amplitude and temperature amplitude:

d'q; +Fd2q_I+G_*+H =0 (103)
ay+ T gy TR EES
wherein - gi(Y; p) = [;7 qi(Y, 1) exp(—pT)dTr and F =

AC — B — D, G =BD, H = DE, with the parameters fully
denoted as

AE%n2+%pn2 B5p2+p+f‘—5pn2+%n2
%pKn,2 %pKnl2
C:§+%p D:p2+p+épn2 B m?
1,4 T lgn? + 4 pKn?’ T lokn?’
3T 5P 3R T s PRI, 5 PRI
(104)
The boundary conditions for Eq. (103) are determined as
Y=0, q 8K dg; d3@+(AC B)d@ 0
=Y, = —Kn ) - =Y,
=My aye dY
1 dq* d*qt
= -, — =0, -, = 0 105
2 dY dyYs3 (105)

The nondimensional x-direction heat flux amplitude in the fre-
quency domain is obtained by solving Eq. (103) supplemented
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FIG. 17. Nondimensional effective in-plane thermal conductivity of the silicon thin film in the transient thermal grating (TTG) experiment at
room temperature (7 = 300 K). (a) and (b) Comparison to theoretical solutions. The symbols represent the solutions of the phonon Boltzmann
transport equation (BTE) [84] whereas the solid line and dashed line denote the analytical solution of the phonon hydrodynamic model and
Fourier’s law, respectively. The spatial Knudsen number and inverse nondimensional grating period are defined respectively as Kn; = A /d and
n = 2w A/L. (c) Comparison to experimental results. The symbols represent the experimental data of two thin films with thickness 400 nm from
the literature [72] whereas the solid line represents the results of the present phonon hydrodynamic model with a median-thermal-conductivity
phonon MFP A,, = 441 nm [72,77]. The dashed line and solid line with the cross symbol denote the gray and spectral Monte Carlo (MC)
solutions of the phonon BTE [84], respectively.

with Eq. (105):

qi = Golexp (—mY) +exp [m(Y — DI} + Cafexp (—nY) +exp [n(Y — D]} — g (106)

wherein m = {0.5[(F? — 4G)'> — F)}/2, n = {—0.5[(F2 — 4G)"*+F]}'/2, and the two coefficients are specified from the
following equations:

[ [n® 4+ (AC — B)n][1 — exp (—n)]

8
[m3 + (AC — B)m][exp (—m) — 1] {1 +exp (—m) + EmKn,[l — exp (_m)]}

8 8 H
+ (1 - EnKn,) exp (—n) + (1 + EnKn,):|C4 =5 (107)
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[n® + (AC — B)n][1 — exp (—n)]

C,=0Cy

The nondimensional temperature distribution amplitude in the
frequency domain is related to the solution of x-direction heat
flux amplitude Eq. (106) through

1Kn} d’q; pH1+ g’

0(Y:p) =
3P+ et dY: g+ gp?

LA
317+ 150’
Aninverse Laplace transform of Eq. (109) based on a Riemann-
sum approximation [83] produces the temporal evolution of the
nondimensional temperature distribution amplitude 6(Y,7).
The effective in-plane thermal conductivity of the thin film
is then extracted through fitting the decay of the average tem-
perature distribution amplitude along the cross-sectional di-
rection by the diffusion model: fol 0(Y,7)dY = exp(—efrq>t)
[66,84].

The present phonon hydrodynamic model captures well
the lateral phonon confinement effect and the in-plane qua-
siballistic effect simultaneously, as shown in Fig. 17(a). For
the case of Kn; = 0.01, the film thickness is large enough
that the phonon-boundary confinement is negligibly small.
However, the effective in-plane thermal conductivity of the
thin film drops as the grating period decreases or 1 increases.
The recent extended Fourier’s continuum model accounting for
kinetic effects from boundary inhomogeneity is not available
for this heat conduction with internal spatial variation of
thermal grating at a characteristic dimension comparable to
the phonon MFP [39]. As the correction of the constitutive
heat transport equation is considered with additional relaxation
and nonlocal terms, the present phonon hydrodynamic model
is capable of describing such a quasiballistic effect. The result
for the other limit of large grating period is shown in Fig. 17(b),
where the present model produces the boundary suppression
effect consistent with the Fuchs-Sondheimer model. In all,
the rigorous validity of the macroscopic hydrodynamic model
is Kn; < 0.3 and n < 1. By including the phonon spectral
property using the median-thermal-conductivity phonon MFP
A, in Sec. IV A 1, the phonon hydrodynamic model provides
a prediction of the effective in-plane thermal conductivity of
silicon thin film at room temperature in good agreement with
recent TTG experimental data [72], as shown in Fig. 17(c). The
agreement is encouraging because it not only verifies the idea
of employing the median-thermal-conductivity MFP for fast
analysis of size effect in Ref. [72], but also demonstrate the
power of the macroscopic heat transport model which requires
much less computational cost and presents a more clarified
physical interpretation.

+ (109)

V. CONCLUSIONS

To conclude, we have developed the phonon hydrodynamics
for nanoscale heat transport at ordinary temperatures. The
macroscopic model is derived from a perturbation solution to
the phonon Boltzmann equation around a nonequilibrium dis-

[m? + (AC — Bym][exp (—m) — 11’

(108)

(

tribution obtained by entropy maximization. We have demon-
strated and validated the phonon hydrodynamic model through
modeling extensive extremely small and ultrafast non-Fourier
heat conduction. The serious validity of the present model lies
in that both the spatial and the temporal Knudsen numbers are
smaller than 0.3. The predictions of this model agree well with
the experimental results even in a broader range. The macro-
scopic equations not only provide clear physical interpretation
of the thermodynamics nonequilibrium effect at extreme states,
but also make feasible the thermal performance optimization
of nanosystems pending in future work. Through this work,
the phonon hydrodynamic model becomes indispensable for
description of heat transport in the sub-continuum and near-
transition regimes where Fourier’s law fails and a solution of
the phonon Boltzmann equation is too expensive. This work
represents a crucial step towards macroscopic modeling of
nanoscale heat transport, with the phonon spectral properties
to be further considered in the future.
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APPENDIX A: SOLUTION OF THE BOLTZMANN
EQUATION FOR CROSS-PLANE PHONON TRANSPORT
THROUGH A THIN FILM

The general solution of Eq. (66) by the method of charac-
teristics is

I Gpp) = 170, 1) exp (—%)

N red(p’ r_
+/ (”)exp(" ”)dn’, o<u<l,
0 128 128

I"(m,u) = I~ (§,u) exp <$%)

& reda(y’ r_
_/ (n)exp<n ")dn’, 1< p<d,
" 2% 2%

(AD)

where 17(0,11) and 1 (¢,u) are determined by the boundary
conditions
y =0, IT(0,u) = (1 —)IUTy) + 51~ (0,—p),

y=d, I"d,pw)=10~=)INT)+sI"(d,~p). (A2)

Here we show the determination of I7(0,1) in Eq. (A1),
where [17(§,u) could be determined through similar
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procedures. From the second equation in Eq. (A1), one obtains /~(0,—u) in the first boundary condition in Eq. (A2):

Sleq / /
170.=p) = I~ (£, =) exp (—5) + / 200 (—”—)dn’. (A3)
w) "l n m

From the second boundary condition in Eq. (A2), one could further get /= (&,—pu) in Eq. (A3):
I7(,—p) = (1 = )IUT) + sTH(E, ). (A4)

Substituting Eq. (A4) into Eq. (A3), we get I ~(0,—pu) as below:

& yeq(,/ /
I7(0,—p) = [(1 = )IUT.) 4+ sTF(E, )] exp <—§> +/ ) exp (—n—>dn/
W 0o M %
£ e ’ ’
=1 —s)I*UT.)exp <—§> +sIT(E,p)exp <—§> + / M exp (—n—>dn’. (AS)
5 g 0o I ©
The I7(&,1) in Eq. (A5) can be obtained from the first equation in Eq. (A1):
& re I ’r_
I (E,pw) = I'T(0, 1) exp (—§> ~|—/ U exp (77 E)dn'. (A6)
w 0o M 0

Putting Eq. (A6) into Eq. (AS), we acquire /~(0,—u) as

& req(y/ /
I7(0,—u) = (1 — s)I°*Y(T,)exp <_§) _|_f M exp (_n_>d7)/
w 0 W 2

& ge / I
+s|:1+(0,u)exp (—£> +/ ! q(n)exp<77 é:)dn’] exp (—E)
m o M 1 m

£ e i ’
= (1 — s)I®(T.) exp <—§) +/ L) exp (—n—>dn/ +sIT(0,1) exp <—§)
I 0o M n n

£ e / o
+s5exp <—§>/ Iq(n)exp<77 S)d’ﬂ’. (A7)
w)lo w 1

Substituting Eq. (A7) into the first boundary condition in Eq. (A2), we obtain an equation for 17(0, ):

£ re / i
1H0.) = (1 — )T + 5(1 — )T,y exp (—§> s f 200 e (—”—)dn’
m A m

2 2 Sy '
+5217(0, 1) exp (——é) + s exp (——§> / ) exp (n—)dn’. (A8)
I w)to w w
Therefore, 17(0,u) is determined through a solution of Eq. (A8):

(1—ys) eq sl =) €q _i
—en-2m T T ep-2em (T“)exp( u)

s S 1%9(n) ( n/) ;o osTexp(=26/w) 5 I (n) ,
+ —L)ay + Lan. (A9
—Pep2/m o n P\Uw) T TS eep 28w Sy e TP\ ) A9

I"O,p =

APPENDIX B: NUMERICAL SOLUTION OF THE ENERGY DENSITY DISTRIBUTION IN CROSS-PLANE
PHONON TRANSPORT THROUGH A THIN FILM

The integral equation for the energy density distribution is

£ !
26%(n) = G(n) + / (') / Fr'modudy. (B1)
0 0

To avoid the numerical singularity in Eq. (B1) when n = #/, the following scheme is constructed similarly to the solution for
the fully diffuse case [1]:

3 1 & pl
26%(n) = G(n) + / [e*(n') — e*(n)] / F(n' . i)dudn + () / / For'n.mwdudy. (B2)
0 0 0 0
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The numerical singularity is eliminated since the first integral at the right-hand side of Eq. (B2) vanishes at n = 5". Equation (B2)

is slightly reformulated as

£ |
[2 —c(mle*(n) = G(n) +/0 le*(n) — e*(n)]/o F(',n,mydpdn’, (B3)

with ¢(n) = f(f fol F(',n,w)dudn’. The following trapezoidal integration formula is used for the integral in Eq. (B3):

n—1

" fdx = fo2E 4 a o B4
fXI f(x)x—f(xl)7+ x;f(xi)+f(xn)7~ (B4)

Therefore the discrete form of Eq. (B3) becomes

n—1

A
[2 = cple*(n;) = G(n;) + 7’7[6*(771) —e* NI Fm(n1.n) + An Y [e*(n;) — € (1)) Fie(nin;)

i=2
i#j

An «
+ — ") — €MD Finc(n,1;), (BS)

2
where the discrete coordinate points are n; = (1,72, . . .

,n,) with n = N,;, and a uniform integral interval is adopted: An =

& /(n — 1). The integral function in Eq. (BY) is denoted fully as Fi,(n;,n;) = fol Fmi,mj,pn)du.
Equation (BYS) is rewritten as the matrix multiplying form (Ae* = b) as

n—1

An An .
2 —c(n;)+ TFim(ﬂlvnj) + An Z Fin(ninj) + TFinl(nnvnj) e’ (n;)

i=2
i#j

n—1

A A
— 21 Fninpe*(m) — An > Fininj)e* (i) — ST Fanme* () = Gn)). (BO)

2 ;
i=2
i#]

A solution of Eq. (B6) by matrix inversion gives exactly the
numerical results of energy density distribution e*(n;).

APPENDIX C: LAPLACE TRANSFORM SOLUTION OF
THE PHONON HYDRODYNAMIC MODEL FOR 1D
TRANSIENT PHONON TRANSPORT
ACROSS A THIN FILM

The Laplace transform of the temperature differential
Eq. (89) for 1D transient phonon transport across a thin film is

P*O(X; p) + pOX; p)

1 d*OX;p) 4 d*O(X; p)
= _Knl— " + —_Knlp——"".
3T T NPT e
Equation (C1) is rewritten as an ordinary differential equation
(ODE):

(CI)

d*O(X; p)

G = AP p), (C2)

with the parameter A fully expressed as

+1
N T e €3)
gKIll + EKnlp

The general solution of Eq. (C2) is
O(X; p) = Crexp(AX) + Crexp (—AX). (C4)

2

(

The coefficients C; and C, in Eq. (C4) are specified from the
Laplace transform of the boundary conditions Eq. (90):

_ 1 2 de X;
X =0, OX;p)—~ = 2kn22%P)
p 3 dX
) 2 dBX: p)
X=1, OX; = ——Kn—.
X;p) 3 n; X

Therefore, the coefficients C; and C, are determined as below:

(C5)

c ZKn/A -1 L e
1= )
(2Kn,A+1)° exp 2A) — (2Kn,A — 1) P
2
<Kn;A+1) exp (2A 1
c, = (3Kn, ) exp (2A) )

T (CKnA+1) exp @A) — (2KnA — 1) P

Thus Eq. (C4) with Egs. (C3), (C6), (C7) constitute the solu-
tion of dimensionless temperature distribution in the frequency
domain.

The solution of dimensionless heat flux distribution is
related to that of the dimensionless temperature distribution
based on the Laplace transform of Eq. (87) and Eq. (88):

Pa*(X;p) + 5 (X;p)

1 deX;p) 4 ,d*q(X:p)

= —gn P | P gl g
R G T B e €8
~ dq*(X; p)
POX:p) = —Kn, 2P (C9)

dX
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From Eq. (C8) and Eq. (C9), one could derive the following
relation:

TX;p) = —BLOXP) (C10)
AP = X
where the parameter B is denoted fully as
1 4
zKn; + < pKn,
B= 3 T IPRN (C11)

1+p

Substituting Eq. (C4) into Eq. (C10), we acquire the solution
of the dimensionless heat flux distribution in the frequency
domain:

T(X; p) = —B[C1Aexp(AX) — CrAexp(—AX)]. (C12)

To get the temporal evolutions of the dimensionless tempera-
ture distribution and heat flux distribution in the real domain,
we apply an inverse Laplace transform based on the following
Riemann-sum approximation [83]:

0(X,1)

_exp(yo) 1 = ) ﬂ o
_T&@(X,wae;@(x,w . )( 1)},

(C13)
q°X,7)

exp(yo) |l = —(+. inm "
= f[iq (X;y)+Re) g <X,V + T>(_1):|’

n=1

(C14)

where y7 = 3, and “Re” denotes the real part of a complex
variable, with i the imaginary index.

APPENDIX D: LAPLACE TRANSFORM SOLUTION OF
THE PHONON HYDRODYNAMIC MODEL FOR
HIGH-FREQUENCY PERIODIC HEATING OF A

SEMI-INFINITE SURFACE

The Laplace transform of the temperature differential
Eq. (95) gives rises to an ordinary differential equation (ODE):

d*O(X; p)

G = A p), (D1)

with the parameter A fully denoted as

1
A= /%. (D2)
3t 3P

The general solution of Eq. (D1) is
O(X; p) = Crexp(AX) + Crexp(—AX),  (D3)

where the coefficients C; and C, are determined from the
Laplace transform of the boundary conditions Eq. (96):

2dO(X;p) P
dX  p>+(Kn)*

X =0, 6X;p)—

X — 00, O(X;p)=0. (D4)

From the second boundary condition in Eq. (D4), one could
get C; = 0. With the aid of the first boundary condition, the
other coefficient is specified as

_ 1 p
1+ 2A p2 4+ (Kn)?

G, (D5)

Therefore, the dimensionless temperature distribution in the
frequency domain is obtained as

p
1+ %A P>+ (Kn,)*
Through similar procedures in Appendix C, the dimen-

sionless heat flux distribution is related to the dimensionless
temperature distribution as

OX; p) = exp (—AX). (D6)

dOX;p)

q*X;p) = —B D7
q*(X;p) X D7)
with the parameter B fully denoted as
1, 4
= + —_=
=3 15/ (D8)
I+p

Putting Eq. (D6) into Eq. (D7), we get the dimensionless heat
flux distribution in the frequency domain as

T(X; p) = C2AB exp (—AX). (D9)

Finally, the temporal evolutions of the dimensionless tempera-
ture distribution and heat flux distribution are obtained through
an inverse Laplace transform based on the Riemann-sum
approximation Egs. (C13) and (C14).
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